Abstr act. A pneumatic simulator of the knee joint with five DOF was developed to determine the correlation between the kinematics of the knee joint, and the wear of the polyethylene componenent of a TKR prosthesis. A physical model of the knee joint with total knee replacement (TKR) was built by rapidprototyping based on CT images from a patient. A clinically-available prosthesis was mounted on the knee model. Using a video analysis system, and two force and contact pressure plates, the kinematics and kinetics data were recorded during normal walking of the patient. The quadriceps muscle force during movement was computed using the Anybody software. Joint loadings were generated by the simulator based on recorded and computed data. Using the video analysis system, the precise kinematics of the artificial joint from the simulator was recorded and used as input for an explicit dynamics FE analysis of the joint. The distribution of the contact stresses in the implant was computed during the walking cycle to analyze the prosthesis behavior. The results suggest that the combination of axial loading and anterior-posterior stress is responsible for the abrasive wear of the polyethylene component of the prosthesis.
Intr oduction
At present, the short life cycle of TKR represent a great concern for both orthopedic surgeons and prosthesis designers. Loosening of the tibial component is an important cause of TKR failure [1] . During the gait cycle, the forces developed in the knee have a cyclic pattern with values between 10 and 30 MPa, resulting in high stress values and wear of the artificial joint components. The mechanisms responsible for TKR wear are delamination, scratching, pitting and abrasion [1] [2] [3] . The present study used clinical investigation, engineering and computational methods: noninvasive imaging methods to collect data directly from the patient, a newly developed knee simulator to reproduce the physical forces acting on the joint during movement, and finite element analysis to integrate the clinical observations and experimental data and to compute the resulting stresses in the joint. The purpose of the study was to determine the correlation between the kinematics of the knee joint, and the stress distribution in the polyethylene componenent of the TKR during the gait cycle.
Mater ials and methods

Thr ee-dimensional Computational Model of the Knee Joint
The three-dimensional computational joint reconstruction ( Fig. 1, a) was achieved from CT serial sections of the patient's leg and radiographic images of the joint with TKR. Images have been acquired in DICOM format and converted to JPEG using the MRIco software. The three-dimensional CAD model of the patient's knee joint was used to develop an artificial human knee by rapid prototyping using an Objet Eden 260 3D printer. The femoral metallic components and the tibial metallic tray with polyethylene plate were mounted on the plastic components ( Fig. 1, b ) using medical cement.
Five HBM LY strain gages were placed on both components of the joint for data recording during the simulation (Fig. 1,c) .
Knee Simulator
A new 5DOF simulator for the knee joint was designed and developed in our labs to study the biomechanical changes in different pathological cases and to establish the efficacy of the type of osteotomy with different fixation systems and prostheses,. The knee simulator is based on the general principles of the Purdue Knee Simulator with several novel patent-pending improvements. The new design allows an unconstrained flexion/extension motion between femur and tibia, with the hip and ankle joints attached to the frame (Fig. 2) . The loads on the knee are: the simulated quadriceps muscle action (quadriceps load), and the applied external loads at the simulated hip (body weight) and ankle (vertical rotation torque and medial-lateral translation load) (Fig. 2, b ). This particular design can simulate the natural behavior of the joint by varying the applied loads and articular geometry of the knee. 
Kinematics For ce Simulation
There are two DOF between the femur and simulator frame: vertical translation of the hip and flexion/extension/rotation relative to the translating hip sled. The hip sled is constrained by two vertical precision rails attached to the frame, and the load that simulates the body weight (max. 200 kgf) is provided by a pneumatic cylinder.
The flexion-extension rotation (±65°) is imposed through the quadriceps muscle simulated by an actuator fixed to the femur. The action of the quadriceps actuator cause an extension moment about the knee that extended the hip as well.
The ankle sled provides four degrees of freedom between the tibia and the ground. A universal joint gives the flexion-extension and adduction-abduction of the tibia at the ankle. The universal joint also rotate about a vertically oriented axis (±20°). The ankle assembly is free to move on a medial/lateral direction (±7.5 mm). The motion of the ankle sled is controlled by the adduction-abduction load actuator (max. 1000N).
The tibia is free to abduct/adduct. Its motion is dependent on the medial-lateral translation of the ankle sled since the femur is fixed to the frontal plane. Internalexternal rotation of the tibia is controlled by a rotational actuator (max. 45 Nm) in a vertical axis translating with respect to the ankle sled.
The ankle flexion moment induced by a rotational actuator (max. 55 Nm), applies a torque between the tibia and the ankle sled relative to the flexion-extension axis. The actuator translates in the medial-laterally direction, and rotates relative to the vertical axis of the tibia.
Mechanical testing of the knee joint
The testing was performed on an artificial knee implanted with a clinicallyavailable prosthesis. The plastic femur and tibia were mounted on stainless steel tubes in the aluminum fixture. Both tubes include a three-axis force and a torque sensor allowing a closed-loop feedback control.
The load profile on the ankle joint from the medial-lateral translation, and the torque movement were obtained directly from the patient using coupled AMTI/RSSCAN force/pressure plates. The values of the quadriceps load and ankle flexion moment during walking cycle were computed using the Anybody and Gait Model (Aalborg Univ.) software packages (Fig. 3) . The patient lower member segments dimensions, body weight and foot center of pressure constitute the input data for the Anybody model. The force generated by all pneumatic actuators were set to half of the measured values during the walking cycle to prevent damage to the artificial plastic model, which has a lower mechanical strength compared to the natural bone. The pressure values were also adjusted to account for differences in congruency between the synthetic and biological component surfaces during movement. The movement of the joint in the simulator was recorded using two high speed (100f/s) Basler cameras and an image acquisition and analysis system , SIMI Motion (SIMI Reality Motion Systems GmbH). The kinematics data for the artificial joint have been obtained and the kinematics curves have been plotted (Fig. 4, a, b) .
The finite element model of surface of the TKR prosthesis has been developed on the three-dimensional model using Ansys/LS-DYNA software (Fig. 4, c) . To decrease the computational burden and facilitate the analysis, the femoral implant and polyethylene tibial element were separated from the model.
The contact/impact conditions were simulated based on the assumption that at the time of contact the two surfaces have the same distortion speed in the direction of the impact. In this way, the impact was separated from the rest of the dynamic analysis. The values (solutions) of the serial impulse equations were propagated over the impact, and generate initial conditions for the subsequent steps of the analysis. The erosion of the polyethylene component was estimated by calculating the quantity of material removed by friction for a given contact pressure. Experimentally, the degree of erosion can be assessed by weighing the polyethylene component after a large number of movement cycles and observing its microstructure under the microscope.
Results
The correlation between the TKR kinematics and tibial polyethylene loading was computed for two different ankle flexion moments, 15º and 20º flexion, corresponding to mid stance during the gait cycle (Fig. 5) . 
